Introduction {#s1}
============

Innate immune system serves as the first defense to protect the host from invaded pathogens in a non-specific but instant way [@pone.0044956-Janeway1]. Different pathways have been involved to eliminate the invaded pathogens in innate immune system which are different from acquired immune system, including anatomical barriers, mechanical removal, bacterial antagonism, pattern recognition and phagocytosis [@pone.0044956-Ulevitch1]. Among them, recognition to pathogen-associated molecular patterns (PAMPs) by germline-encoded pattern-recognition receptors (PRRs) is one of most essential way for host to distinguish the pathogens from self-tissues [@pone.0044956-Medzhitov1]. PRRs can be divided into two distinct classes based on the cellular functions: endocytic pattern-recognition receptors and signaling pattern-recognition receptors. Endocytic pattern-recognition receptors could be found in many phagocytes and promote the attachment to the microorganisms and facilitate the subsequent engulfment and destruction, whereas signaling pattern-recognition receptors promote the synthesis and secretion of immune regulators or molecules such as cytokines and chemokines that are crucial to regulate innate and adaptive immunity [@pone.0044956-Medzhitov2]--[@pone.0044956-Pearson1].

Toll-like receptors (TLRs), a family of innate immune receptors, are widely expressed on the cell surface of most immune cells. They work as a primary sensor of invading pathogens, which is essential for eliciting the innate response and regulating adaptive immunity [@pone.0044956-Beutler1]. Thirteen TLRs have been found to specifically recognize different PAMPs, such as TLR4 (LPS), TLR1/2 (peptidoglycan), TLR5 (flagellin), TLR8 (ssRNA) and TLR9 (CpG DNA). The activation of TLRs can stimulate immune cells and cause the secretion of cytokines and chemokine such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), GM-CSF and MCP-1 to modulate innate and acquired immune response [@pone.0044956-Jin1]--[@pone.0044956-Hajjar1]. The most important signaling provoked by TLRs is the transcription factor NF-κB (nuclear factor-κB), which regulates the expression of many immune and inflammatory genes [@pone.0044956-Okahara1]. Therefore, the screening of small molecular compounds modulating the NF-κB signaling pathway will be an effective approach in regulation of innate immune responses.

Cantharidin (CTD) is the major active component of blister beetles (one type of Chinese traditional medicine), which could be used as antitumor drug in most cancer cells. But the excessive cytotoxicity of CTD limited its clinical application. Whereas NCTD, a demethylated analog of CTD, possesses less cytotoxicity and could be used for more clinical applications [@pone.0044956-Carrel1]. Nowadays, NCTD has been widely used as an anti-tumor drug to inhibit proliferation and metastasis of several kinds of cancers, such as liver cancer [@pone.0044956-Chang1], lung cancer [@pone.0044956-Luan1], colorectal cancer [@pone.0044956-Chen1], breast cancer [@pone.0044956-Huang1] and oral cancer [@pone.0044956-Kok1] in China. In addition, NCTD was also found possessing anti-angiogenesis activity in cancer therapy [@pone.0044956-Chen2]. Previous reports have shown that NCTD not only decreased metastasis and survival but also reduced the tumor volumes and weights in tumor xenograft model of human gallbladder carcinoma in nude mice [@pone.0044956-Liu1]. Huang\'s results indicated that NCTD\'s treatment could induce G2/M phase arrest and reduce Bcl-2/Bax ratio in MDA-MB-231 cells [@pone.0044956-Huang1].

![NCTD protects mice from bacterial-induced peritonitis.\
A, Chemical structure of NCTD and CTD. B, The survival of peritonitis mouse was increased by NCTD obviously. The mice were treated with NCTD or PBS at 24 h and 6 h before infection. Both NCTD and PBS (containing 0.1% DMSO) treated mice (n = 8) were intraperitoneal injected with *E.coli 0111* (8\*10^7^) and monitored every 3 h for 72 h. C, Serum concentration of IL-6 and TNF-α in mouse model was enhanced by NCTD. The blood was obtained 6 h after infection and the serum concentration of IL-6 and TNF-α was measured by ELISA assay. (*\**, P\<0.0*5*) Data are representative of three independent experiments with similar results. D, The quantity of bacterial was reduced in NCTD treated mouse. The mice were treated with 1 ml vehicle control (containing 0.1% DMSO), 100 ug/ml Ampicillin or NCTD (10 mg/kg) respectively followed by an i.p injection with 5×10^7^ CFU of *E. coil*-GFP in 1 ml PBS for 16 h. Then the bacteria resident in abdomen was visualized by fluorescent stereomicroscope. Also, their peritoneal cavities were lavaged with 3 ml PBS, and bacterial counts were determined by plating on agar plates. n = 4 mice per group. E, NCTD has no effects on the growth of *E. coil*-GFP. E.coli-GFP were cultured with 100 µg/ml Ampicillin (Amp+) and 5 μM NCTD for 24 h respectively. Then the bacteria number was detected by spectrophotometer. Data are representative of three independent experiments with similar results (mean ± s.d. in B, D).](pone.0044956.g001){#pone-0044956-g001}

Here, we provide evidence that NCTD has a non-redundant role in promoting host survival from *E. coli* induced peritonitis. Meanwhile, the LPS-induced cytokines expression and immune responses were enhanced significantly in macrophages by NCTD. Furthermore, the AKT/p65 phosphorylation and NF-κB activities was also enhanced by NCTD in a doses dependent manner. Taken together, NCTD could facilitate LPS-mediated innate immune response significantly through activating AKT/NF-κB signaling, thereby contributing to clearance of invaded pathogens.

![NCTD enhances LPS induced cytokines expression at mRNA level.\
A, The cytotoxicity of NCTD is much lower than CTD. RAW264.7 cells were treated with NCTD or CTD for 24 h and cell viability was tested with MTS assay as described under Materials and Methods. B, Cytokines production was enhanced obviously by NCTD in RAW264.7 cells. The RAW264.7 cells were pretreated with PBS (containing 0.1% DMSO) or 1--10 μM NCTD for 24 h before stimulation with 100 ng/ml LPS for 1 h. Total cellular RNA were collected and subjected to Real time -PCR analysis. C, Only LPS induced cytokine production was enhance by NCTD obviously. The RAW264.7 cells were pretreated with 0.1% DMSO, 5 μM NCTD for 24 h before stimulation with LPS (100 ng/ml), PMA (100nM) or LTA (10 µg/ml) for 1 h. Total cellular RNA were collected and subjected to Real time PCR analysis. Columns, mean from three independent experiments with three duplicates; bars, SE (\*, P\<0.05; \*\*, P\<0.01 versus control).](pone.0044956.g002){#pone-0044956-g002}

Materials and Methods {#s2}
=====================

Cells, reagents and animals {#s2a}
---------------------------

NCTD, CTD and LPS were purchased from Sigma. PI3K/AKT inhibitor (20 μM, LY294002) was purchased from Biotime Company (Shanghai, China). NCTD/CTD was prepared in DMSO at 10 mM and stored at −20°C in the dark, then diluted as needed in cell culture medium. RAW264.7 and L929 cells were purchased from China Type Culture Collection (Shanghai, China). RAW264.7 cells were cultured in DMEM supplemented with 5% fetal bovine serum (FBS; Hyclone Laboratories). All the cells were raised at 37°C under a humidified 95/5 (v/v) mixture of air and CO~2~. The female 4--6 weeks C57BL/6 mice were purchased from Bikai Animal Inc. (Shanghai, China) and housed in standard plastic cages under automatic 12 h light:dark cycles at 23°C with free access to food and water. All animals were kept under specific pathogen free conditions and maintained in accordance with institutional guidelines. For peritoneal macrophage isolation, thioglycolate was injected into female mice peritoneum to elicit the macrophages for 3--4 days, and then PBS was used to harvest peritoneal macrophage. Bone marrow-derived macrophages were isolated from 4--6 weeks C57BL/6 mice as described [@pone.0044956-Odeh1].

![NCTD enhances production of pro-inflammatory cytokines in RAW264.7 and BMMs.\
A--B, RAW264.7 cells (A) and BMMs (B) were pretreated with PBS (containing 0.1% DMSO) or 1--10 μM NCTD for 24 h and activated with 100 ng/ml LPS for 6 h. The culture supernatants were then collected and analyzed by ELISA for cytokine production. C, Only LPS induced cytokine production was enhanced by NCTD obviously. The RAW264.7 cells were pretreated with 0.1% DMSO, 5 μM NCTD for 24 h before stimulation with LPS (100 ng/ml), PMA (100 nM) or LTA (10 μg/ml) for 6 h. The culture supernatants were then collected and analyzed by ELISA for cytokine production. Columns, means from three independent experiments with three duplicates; bars, SE (\*, P\<0.05; \*\*, P\<0.01 versus control).](pone.0044956.g003){#pone-0044956-g003}

*In vivo* peritonitis mouse model {#s2b}
---------------------------------

Peritonitis was induced as described previously with a little modification [@pone.0044956-Celada1]--[@pone.0044956-Zhang1]. In brief, mice received an i.p injection of 1 ml vehicle (PBS) or NCTD (10 mg/kg) followed by an i.p injection with 8×10^7^ CFU of *E. coil 0111* in 1 ml PBS. The mice survivals were observed in the following 72 h. For bacterial visualization *in vivo*, *E. coli* BL21 were grown in Luria-Bertani broth (Difco) at 37°C and induced for GFP expression by IPTG at 16°C overnight. Bacteria were collected and washed by sterile PBS for bacteria number determination. The mice received an i.p injection of 1 ml vehicle (PBS), 100 μg/ml Ampicillin or NCTD (10 mg/kg) respectively followed by an i.p injection with 5×10^7^ CFU of E. coil-GFP (kanamycin resistance) in 1 ml PBS for 16 h. Then mice were killed and whole-body images were taken with the fluorescent stereomicroscope (Olympus America Inc, Melville, NY) coupled with a digital CCD camera (Olympus DP72). Animal procedures were approved by the institutional Animal Ethics Committee of East China Normal University.

![NO production, MMP-9 expression and phagocytosis was improved by NCTD significantly.\
A, NCTD increases LPS-induced NO production in macrophages. Macrophages were pretreated with PBS (containing 0.1% DMSO), 5 µM NCTD without stimulation or 1--10 µM NCTD stimulated with LPS (100 ng/ml) for 20 h, and then the production of nitric oxide was measured by Griess reaction (left). The mRNA levels of iNOS were assessed by Real time PCR (right). B, NCTD increases LPS-induced MMP-9 expression in mRNA level. RAW264.7 cells were pretreated with PBS (containing 0.1% DMSO) or 5 µM NCTD for 24 h and then stimulated with or without LPS (100 ng/ml) for 1 h. Total cellular RNAs were collected and subjected to Real time PCR analysis. C, NCTD enhances MMP-9 enzyme activity in RAW 264.7 and peritoneal macrophages. RAW264.7 cells and peritoneal macrophages were pretreated with PBS (containing 0.1% DMSO) or 1--10 µM NCTD for 12 h and then activated with LPS for another 12 h. The culture supernatants were then collected and MMP-9 levels were analyzed using gelatin zymography. D, NCTD facilitates phagocytosis of bacteria in macrophages. RAW 264.7 were pretreated with PBS (containing 0.1% DMSO), NCTD (5 µM) or NCTD with LPS (100 ng/ml) for 24 h, and then exposed to GFP-labeled *E.coli* for 30 min. The fluorescence were detected by flow cytometry after the cells were washed severely by ice cold PBS for three times. The numbers represent mean fluorescence intensity.](pone.0044956.g004){#pone-0044956-g004}

Cell viability assay {#s2c}
--------------------

RAW264.7 cells (2×10^4^ per well) were seeded into 96-well plate and treated with NCTD (5--100 μM) or CTD (1--10 μM) respectively for 24 h. Then the cell viability was determined by MTS method, following the manual of CellTiter 96 Aqueous One Solution Cell Proliferation assay (Promega) and the OD value was detected at 490 nm with VERSA max microplate reader (Molecular Devices).

![Regulation of NCTD on LPS induced p65 phosphorylation.\
A, p65 phosphorylation at Ser536 was up-regulated by NCTD in macrophages. RAW264.7 cells were treated with PBS (containing 0.1% DMSO), 5 µM NCTD without stimulation or 1--10 μM NCTD for 24 h and stimulated with 100 ng/ml LPS for different time. The levels of total proteins and their phosphorylated form in the cellular lysates were analyzed using Western blotting. B, NF-κB p65 phosphorylation was up-regulated by NCTD in BMMs. BMMs were treated by PBS (containing 0.1% DMSO) or 1--10 µM NCTD and stimulated with 100 ng/ml LPS for different time. Total cell lysates obtained at 15 min after the activation by LPS and the levels of total p65 and its phosphorylated form in the cellular lysates were analyzed using western blotting. C, PI3K inhibitor LY294002 blocks phosphorylation of AKT and p65. After pretreated with NCTD for 24 h, RAW264.7 macrophages were treated with 30 μM LY294002 for 40 min and then stimulated with 100 ng/ml LPS for the indicated time periods. The phosphorylation of AKT and p65 were detected by Western blotting. Three independent experiments were performed.](pone.0044956.g005){#pone-0044956-g005}

Nitrite Quantification {#s2d}
----------------------

RAW264.7 cells were treated with LPS (100 ng/ml) and NCTD (1--10 μM) in 96-well plates, NO~2~ ^−^ concentration in culture medium was measured to assess NO production. In brief, 50 μl of sample aliquots were mixed with same volume Griess reagent (1% sulfanilamide/0.1% naphthylethylene diamine dihydrochloride/2% phosphoric acid) in a 96-well plate and incubated at 25°C for 10 min. The absorbance at 550 nm was measured on a microplate reader. NaNO~2~ was used as a standard to calculate NO~2~ ^−^ concentrations.

![NCTD facilitates NF-κB nuclear translocation.\
A--B, RAW264.7 cells (A) and peritoneal macrophages (B) were stimulated with 100 ng/ml LPS in absence or presence of 5 µM NCTD that had been added 24 h before. When LPS addition was added for 15 min, subcellular location of NF-κB p65 subunit was detected using immunofluorescence assay. Scale bar, 10 μm. One of three experiments was shown.](pone.0044956.g006){#pone-0044956-g006}

Phagocytosis Assay {#s2e}
------------------

RAW264.7 cells (1×10^6^ per well) were treated with or without LPS (100 ng/ml) and 10 μM NCTD for 24 h, and then 5×10^8^ CFU of E. coil-GFP were added for 30 min. Finally, free bacteria were washed by ice cold PBS three times to remove outside bacteria, and then the swallowed bacteria were detected by fluorescence-activated cell sorting (FACS) [@pone.0044956-Steinkamp1], [@pone.0044956-Doyle1]. The percentages of GFP cells population after phagocytosis were calculated according to blank control.

![Regulation of NCTD on LPS induced NF-κB activation.\
A. Little influence was observed by NCTD on IκBα and MAPK signaling pathway. RAW264.7 cells were treated with PBS (containing 0.1% DMSO) or 1--10 μM NCTD for 24 h and then stimulated with 100 ng/ml LPS for different time. The protein levels of IκBα and MAPK signaling pathway in RAW264.7 cells were determined using western blotting. B. The translocation of p65 to nucleus was increased in NCTD treated macrophages. Cells (2×10^6^ cells/ml) were incubated with PBS (containing 0.1% DMSO) or 1--10 μM NCTD for 24 h and treated with 100 ng/ml LPS for 15 min. Cytoplasmic extracts (CE) and nuclear extract (NE) were prepared and analyzed by western blot analysis using specific antibodies. And the translocation of p65 to nuclear was also quantitatively analyzed. C. LPS induced DNA binding ability of NF-κB was enhanced by NCTD in a dose dependent manner. Cells were treated with PBS (containing 0.1% DMSO) or 1--10 μM NCTD at 37°C for 24 h and then activated with 100 ng/ml LPS for 30 min. Finally, nuclear extracts were prepared and then assayed for NF-κB activation by EMSA as described under Materials and Methods. Three independent experiments were performed. D, Diagram of NCTD facilitates LPS-mediated immune responses by up-regulation of AKT/NF-κB associated signaling pathway.](pone.0044956.g007){#pone-0044956-g007}

ELISA Assay {#s2f}
-----------

For ELISA assay, RAW264.7 cells or murine BMMs (3×10^4^ cells/well) were seeded on 96-well-plate, and starved in DMEM containing 1% FBS overnight. Cells were treated with 1--10 μM NCTD for 24 h then stimulated with 100 ng/ml LPS for 6 h. Concentration of TNF-α and IL-6 in the cultured media was detected by ELISA kits according to the manufacturer\'s instructions (BD bioscience). The ELISA data representing mean values (±SD) were obtained in duplicate from at least three independent experiments.

Gelatin zymography Assay {#s2g}
------------------------

Firstly, RAW264.7 cells (2×10^4^ per well) were treated with or without LPS (100 ng/ml) and 1--10 μM NCTD for 12 h. Gelatinase activity was assayed by zymography analysis as previously described with some modifications [@pone.0044956-Xu1]. Briefly, proteins in culture medium were normalized with Bradford reagent (Bio-Rad) and then separated by SDS/PAGE on a 10% (w/v) gel containing 1 mg/ml gelatin. The gel was washed twice in 2.5% (w/v) Triton X-100 solution and incubated overnight at 37°C in developing buffer (50 mmol/l Tris/HCl (pH 7.4), 10 mmol/l CaCl~2~, 5 mmol/l ZnCl~2~ and 0.05% Brij-35), stained with 0.5% Coomassie Blue and then destained in a 40% (v/v) methanol/10% (v/v) acetic acid solution. Proteolytic activity was evidenced as clear bands against the blue background of the stained gelatin.

mRNA analysis {#s2h}
-------------

Total RNA was isolated from cultured RAW264.7 cells using TRIzol reagent (invitrogen) according to the manufacturer\'s instructions and Dnase I (RNase free) was added to avoid potential genomic DNA contamination. cDNA was then synthesized from isolated RNA by reverse transcription using the PrimeScript^TM^ 1st Strand cDNA Synthesis kit (TAKARA). Ten percent of the synthesized cDNA was used as a template for real-time PCR using the Taq DNA polymerase (TAKARA). Primers were designed to amplify mouse cytokines, chemokines and others genes are used. For IL-6 sense: 5′ TTC TTG GGA CTG ATG CTG 3′ and antisense: 5′ CTGGCT TTG TCT TTC TTG TT 3′; for TNF-α sense: 5′ TCC CTT TCA CTC ACT GGC 3′ and antisense: 5′ ACT TGG TGG TTT GCT ACG 3′; for IFN-β sense: 5′ TCC CTA TGG AGA TGA CGG 3′ and antisense: 5′ TCTGCT CGG ACC ACC AT 3′; for GM-CSF sense: 5′ TTTAGC GGC ACG AAC GA 3′ and antisense: 5′ GCC AGG ACT CAA GCG AAG 3′; for IL-1αsense: 5′ GCG AAT TCA CAG CAG TTG GAA TAA GCC GTG 3′ and antisense: 5′ CCAAGC TTG CAC AGA GTT GGA CAT GAC TGA AG 3′. PCR conditions were 94°C for 5 min followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final elongation at 72°C for 5 min. PCR products were run on the 1% agarose gel containing ethidium bromide.

Western Blot Analysis {#s2i}
---------------------

RAW264.7 cells were pretreated with or without 1--10 μM NCTD for 24 h and then stimulated with 100 ng ml^−1^ LPS for indicated time. The whole-cell extracts were prepared by RIPA buffer supplemented with different kinds of proteinase inhibitors. All samples were separated by SDS-PAGE to determine associated signaling, specific antibodies were used for different Western blot analyses, including p65/p-p65^ser536^/p-p65^ser468^, p38/p-p38, JNK/p-JNK, AKT/p-AKT, pThr202/Tyr204-ERK1/2 (extracellular signal-regulated kinase 1/2), and ERK1/2 (Cell Signaling Technology). To block PI3K/AKT signaling, RAW264.7 cells were incubated with LY294002 for 40 min at 37°C prior to stimulation with LPS (100 ng/ml) at 37°C as indicated.

Immunofluorescence analysis {#s2j}
---------------------------

For Immunofluorescence assay, RAW264.7 cells (2×10^4^ per well) were seeded on coverslips in 24 well plate and treated with 10 μM NCTD for 24 h and treated with LPS for 15 min. Then cells were fixed with 4% paraformaldehyde in PBS for 15 min and permeabilized with 0.1% saponin in PBS for 15 min. After blocking with goat serum for 1 h, cells were incubated with Rabbit anti-phospho p65 antibody (Santa Cruz Biotechnique). After incubating for 2 h at room temperature, the slides were washed with PBS for three times. HRP-conjugated or Fluorescein-conjugated secondary antibody were added for 1 h, then DAPI was used for counterstaining of nuclei. Coverslips were finally mounted in mounting medium (sigma) and fluorescent images were taken under the Laser Confocal Microscope (Leica TCS SP5).

Electrophoretic Mobility Shift Assays (EMSA) {#s2k}
--------------------------------------------

Nuclear extraction and EMSA were performed as described [@pone.0044956-Rosenberger1]. RAW264.7 cells were incubated for 24 h with different concentrations of NCTD, and then treated with 100 ng/ml LPS for 30 min. After washed three times with ice-cold PBS, cells were incubated in the lysis buffer A (10 mM HEPES pH 8.0, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 μg/ml Leupeptine, 10 μg/ml Pepstatine A, 10 μg/ml Aprotinin) followed by scraping and transferred to a new 1.5 ml tube, vortex gently, spin at 12000 rpm for less than 1 min in a standard bench-top microcentrifuger and the nuclear pellet was resuspended in lysis buffer B (5 mM HEPES pH 8.0, 8% glycerol, 2 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 10 μg/ml Leupeptine, 10 μg/ml Pepstatine A, 10 μg/ml Aprotinin). Then KCl was added to a final concentration of 500 mM and the sample was incubated for 1 h at 4°C with vigorous shaking. The mixture was centrifuged for 1 to 2 min at 12000 rpm and aliquots of the supernatant (nuclear extract) were immediately frozen at −80°C. Protein concentration was determined with Bradford method (BIO-RAD, Laboratories), and diluted to 2 mg/ml. 2 μg of Nuclear extracts were prepared and subjected to EMSA using a ^32^P-radiolabeled NF-κB oligonucleotide probe (5′-AGTTGAGGGGACTTTCCC AGGC-3′).

Statistical analysis {#s2l}
--------------------

The data are presented as mean ± SE, and statistical comparisons between groups were performed using one-way ANOVA followed by Student\'s t-test. A P value≤0.05 was considered statistically significant.

Results {#s3}
=======

NCTD protects the mouse from acute peritonitis {#s3a}
----------------------------------------------

The structure of NCTD, 3a,4,5,6,7,7a-Hexahydro-4,7-epoxyisobenzofuran-1,3-dione, is shown in Fig .1A. To investigate the function of NCTD in regulating innate immunity, we set up an acute peritonitis mouse model and the survival was monitored every 3 hours in the next 72 h. As shown in [Fig. 1B](#pone-0044956-g001){ref-type="fig"}, almost all the mouse injected with *E.coli 0111* died without NCTD. In contrast, only one NCTD-treated mouse succumbed to the infection during the same period ([Fig. 1B](#pone-0044956-g001){ref-type="fig"}). To further explore the influence of NCTD on the immune response to the invade bacteria, we obtained blood from NCTD and PBS treated peritonitis mice to measure the serum concentrations of TNF-α and IL-6. As shown in [Fig. 1C](#pone-0044956-g001){ref-type="fig"} the serum concentrations of TNF-α and IL-6 in NCTD treated mouse was much higher than PBS treated group, indicating that the response to the bacteria in NCTD-treated mice was severely increased.

We also used the GFP-labeled bacteria to evaluate the clearance of invaded pathogen after being treated with NCTD. As shown in [Fig. 1](#pone-0044956-g001){ref-type="fig"} D, the intensity of green fluorescence (left) was reduced obviously in both NCTD and ampicillin treated mice which was consistent with the number of bacterial (right), suggesting the distinct decrease of bacteria. To confirm this suppression of bacteria by NCTD is not through suppressing to proliferation, we cultured *E.coli 0111* with or without NCTD for 24 h. But no significant decrease of bacteria was found in NCTD-treated bacteria ([Fig. 1](#pone-0044956-g001){ref-type="fig"} E ). Taken together, our results suggested a critical role of NCTD in regulation of immune response and pathogens clearance in bacteria-mediated peritonitis.

NCTD activates LPS-induced cytokines production in macrophages {#s3b}
--------------------------------------------------------------

To elucidate the influence of NCTD on proliferation and viability to the immune cells, we treated RAW264.7 cells with NCTD or CTD for 24 h. Our data indicated that the viability of RAW264.7 cells was little reduced by NCTD at the concentration less than 10 μM, whereas much more cell suppression was found in CTD treated cells in the same concentration ([Fig. 2A](#pone-0044956-g002){ref-type="fig"}). To demonstrate the regulation of NCTD through activating cytokine gene expression, total cellular mRNA was extracted from RAW264.7 cells with or without NCTD treatment to perform the Real time PCR assay. NCTD was found increasing LPS induced TNF-α, IL-6, IL-1α, GM-CSF and IFN-β mRNA expression in a dose dependent manner ([Fig. 2B](#pone-0044956-g002){ref-type="fig"}). We also detected the secretion of cytokine by ELISA in RAW264.7 ([Fig. 3A](#pone-0044956-g003){ref-type="fig"}) and bone marrow--derived macrophages ([Fig. 3B](#pone-0044956-g003){ref-type="fig"}). Consistent with RT-PCR data, the protein level of TNF-α and IL-6 were also increased by NCTD in a dose dependent manner. Whereas, single NCTD treatment or synergized with PMA (12-myristate 13-acetate) and LTA (agonist to TLR2) can\'t potentiate cytokine production in Q-PCR and ELISA assay ([Fig. 2C](#pone-0044956-g002){ref-type="fig"} and [Fig. 3C](#pone-0044956-g003){ref-type="fig"}). Our data further confirmed the positive regulation of LPS induced cytokines production by NCTD in RAW264.7 cells and BMMs.

NCTD enhances macrophage-mediated immune responses {#s3c}
--------------------------------------------------

The releasing of NO by macrophages is important for immune system to eliminate the invaded pathogens [@pone.0044956-Willenborg1], [@pone.0044956-Esteve1]. As shown in [Fig. 4A](#pone-0044956-g004){ref-type="fig"} (left), LPS induced NO production was enhanced by NCTD in a dose dependent manner. Meanwhile, the mRNA level of iNOS was also elevated by NCTD in Real-time PCR assay ([Fig. 4A](#pone-0044956-g004){ref-type="fig"} right). Furthermore, the LPS-induced MMP-9 (matrix metalloproteinase 9) expression was promoted obviously by NCTD in RAW264.7 ([Fig. 4B](#pone-0044956-g004){ref-type="fig"}) which is consistent with enzyme activity in both RAW264.7 (upper lane) and peritoneal macrophages (lower lane) in gelatin zymography assay ([Fig. 4C](#pone-0044956-g004){ref-type="fig"}). As the key innate immune function of macrophage, we also evaluated the macrophage mediated pathogen phagocytosis. As shown in [Fig. 4D](#pone-0044956-g004){ref-type="fig"}, the phagocytosis of GFP-labeled bacteria by RAW264.7 cells were increased obviously (from 16% to 20.64%) by pretreating with 5 μM NCTD for 24 h, which was similar with LPS treated cells. Taken together, our current data further confirmed positive regulation of NCTD in macrophages mediated immune responses.

NCTD enhances LPS-induced p65 phosphorylation and AKT activation {#s3d}
----------------------------------------------------------------

The LPS induced NF-κB and MAPKs (mitogen-activated protein kinases) associated signaling pathways are very important in TLR4-mediated immune responses [@pone.0044956-Kim1]. Therefore, we examined some key signaling components of these two pathways. As we can see from [Fig. 5A](#pone-0044956-g005){ref-type="fig"}, only LPS-induced phosphorylation of AKT and p65 at Ser536 increased obviously in NCTD-pretreated RAW264.7 cells. Whereas, phosphorylation p65 at Ser468 which could cause IκBα degradation was not influenced. Similar results were also observed in BMMs ([Fig. 5B](#pone-0044956-g005){ref-type="fig"}).

Notably, AKT is also involved in NF-κB signaling [@pone.0044956-deVisser1]. To further confirm that NCTD facilitates NF-κB activation through AKT activation, we pretreated cells with PI3K/AKT inhibitor (LY294002) to rescue NCTD enhanced NF-κB activation. As shown in [Fig. 5C](#pone-0044956-g005){ref-type="fig"}, the NCTD-elevated phosphorylation of p65 and AKT were both suppressed by LY294002 obviously, indicated that NCTD facilitated NF-κB activation is AKT dependent. Together, these results demonstrated that the regulation of immune response by NCTD is mainly through potentiating AKT/NF-κB signaling pathway.

NCTD facilitates LPS induced nuclear translocation of p65 {#s3e}
---------------------------------------------------------

Following the phosphorylation of p65, the free NF-κB dimers translocate into the nucleus and bind to specific sequence to regulate the downstream genes expression. So we labeled p65 with red fluorescence to track the influence of NCTD on NF-κB translocation. As shown in [Fig. 6](#pone-0044956-g006){ref-type="fig"}, p65 localized in nucleus was increased obviously by LPS which was further enhanced by NCTD both in RAW264.7 ([Fig. 6A](#pone-0044956-g006){ref-type="fig"}) and peritoneal macrophages ([Fig. 6B](#pone-0044956-g006){ref-type="fig"}). Meanwhile, we checked MAPKs associated signaling pathways by western blotting assay, but little influence was observed by NCTD in LPS-induced RAW264.7 cells ([Fig. 7A](#pone-0044956-g007){ref-type="fig"}). Besides, LPS induced IκBα degradation was little affected either ([Fig. 7A](#pone-0044956-g007){ref-type="fig"}), indicating that NCTD advanced NF-κB activation was not through IκBα degradation. Whereas, LPS induced phosphorylation of p65 in cytoplasmic pool and p65 nuclear accumulation were promoted by NCTD in a dose dependent manner ([Fig. 7B](#pone-0044956-g007){ref-type="fig"}) which is consistent with immunofluorescence assay ([Fig. 6A&B](#pone-0044956-g006){ref-type="fig"}). Our data suggested that the activation of p65 by NCTD is the key steps in regulating NF-κB translocation.

NCTD enhanced DNA binding ability of NF-κB {#s3f}
------------------------------------------

To determine the effect of NCTD on NF-κB DNA binding ability, the nuclear extracts were prepared and analyzed by EMSA. As shown in [Fig. 7C](#pone-0044956-g007){ref-type="fig"}, the DNA binding ability of NF-κB was increased obviously by LPS and then enhanced by NCTD in a dose dependent manner. Taken together, our data demonstrated that NCTD can synergize LPS induced AKT/p65 phosphorylation and NF-κB transcriptional activity which partially explain the mechanism of NCTD in regulating innate immunity ([Fig. 7D](#pone-0044956-g007){ref-type="fig"}).

Discussion {#s4}
==========

Drug reprofiling which developed new indications for existing drugs or biologics has become much more popular within pharmaceutical industry, providing a way of reducing the risks and costs in drug development, and possibly shortening the time to the market [@pone.0044956-Tobinick1]. As the most famous and successful drug reprofiling case, Viagra (phosphodiesterase (PDE) type 5 inhibitor sildenafil citrate) which was originally intended treatment for hypertension and angina has been found to induce penile erections in trial participants and was then developed by Pfizer for this indication. In this paper, the traditional anti-tumor drug NCTD has been found as a positive regulator in TLR4 mediated anti-infection immunity. Meanwhile, the immune system also play a paradoxical roles role during cancer development [@pone.0044956-deVisser1]. Thus, it will be very interesting for us to explore the potential functions and mechanism of NCTD in regulation of immune system.

The immune system not only provides host defenses against invaded pathogens but also surveille malignant mutant cells all around the body. A robust immune system can recognize the mutated antigen on the cancer cells and awakes immune cells including cytotoxic T cells, natural killer cells, and macrophages to eliminate cancer cells. Thus the stronger immune system will do great efforts to rescue cancer patients from sufferings. Unfortunately, most immune cells are much more sensitive than cancer cells and could be restrained obviously by most anti-tumor drug for their severe cytotoxicity [@pone.0044956-Lambert1]. The reduced immunity makes patients more sensitive to infection, as well as other serious illness [@pone.0044956-Picozzi1], [@pone.0044956-Worthington1]. Finding anti-tumor drugs which can also up-regulate the immune responses in patients will be a novel avenue of cancer treatment. Although NCTD has been widely used as an anti-tumor drug, the regulation of NCTD on immune system is little elucidated.

Bacterial peritonitis is a serious and fatal complication due to the sustain impairment to immune systems in patients with cancer. Different kinds of immune cells have been found involved in the host defense against infection, among them macrophages could be the most important cells which have series immune functions including phagocytosis, antigen presentation, and immunomodulation through cytokine and chemokine production [@pone.0044956-Aderem1]. Although over activated immune responses could be harmful and even fatal to the patient, the appropriate up-regulation of immunity in infectious diseases is also helpful to reduce infection-induced lethality. Thus, the activation of macrophages mediated immune function by different compounds and signaling could be helpful to strength immunity and protect host from invading pathogens. In this study, our findings not only reflect the protective effects of NCTD in an acute peritonitis mouse model, but also show that NCTD facilitates the clearance of invaded bacterial ([Fig. 1](#pone-0044956-g001){ref-type="fig"}). Furthermore, NCTD enhances the secretion of cytokines such as IL-6, TNF-α and IFN-β ([Fig. 2](#pone-0044956-g002){ref-type="fig"} and [3](#pone-0044956-g003){ref-type="fig"}), NO production, MMP-9 induction and phagocytosis ([Fig. 4](#pone-0044956-g004){ref-type="fig"}) in a dose dependent manner in macrophages. These findings provide the first and solid evidence that NCTD could serve as a positive regulator to the macrophage mediated innate immunity.

One of the primary physiological functions of NF-κB is regulation to the immune response, such as cytokine production, antigen presentation, pattern recognition and phagocytosis. Although LPS-induced immune response is mainly through NF-κB and AP-1 (activator protein 1) associated signaling pathway, only the phosphorylation of NF-κB p65 at Ser536 was promoted by NCTD ([Fig. 5](#pone-0044956-g005){ref-type="fig"}). Furthermore, NCTD also facilitates the translocation of p65 and therefore enhances NF-κB transcriptional activities in macrophages ([Fig. 6](#pone-0044956-g006){ref-type="fig"} and [7](#pone-0044956-g007){ref-type="fig"}). These results further strengthened the positive regulation of LPS mediated immune responses by NCTD in macrophages. As the up-stream signaling of p65, we also checked the protein level of IκBα by western blotting, whereas the degradation of IκBα was little influenced by NCTD under the same condition ([Fig. 7A](#pone-0044956-g007){ref-type="fig"}). Although the degradation of IκBα could initial the NF-κB signaling pathway, the phosphorylation of p65 at Ser536 is not associated with IκBα degradation [@pone.0044956-Douillette1]--[@pone.0044956-Sasaki1]. Moreover, many studies have demonstrated PI3K/AKT signaling pathway can activate the nuclear translocation of NF-κB complexes as well as transactivation efficiency through phosphorylation of p65 at Ser536 [@pone.0044956-Madrid1], [@pone.0044956-Madrid2]. Previous work reveals that PI3K inhibitor LY294002 can repress phosphorylation of p65 and thus repress NF-κB transactivation, but have no effect on the IL-1 stimulated degradation of IκBα [@pone.0044956-Sizemore1]. Therefore we treated the RAW264.7 cells with PI3K inhibitor LY294002 to block NCTD originated p65 activation. As shown in [Fig. 5C](#pone-0044956-g005){ref-type="fig"}, NCTD-elevated AKT and p65 phosphorylation was rescued to LPS treated level by LY294002, suggested the key role of AKT in regulation of immune response facilitated by NCTD.

In conclusion, our data demonstrated another function and mechanism of NCTD in modulating macrophages mediated immune responses through AKT/NF-κB signaling pathway. Therefore, our results implied the potential of NCTD to be a positive regulator in anti-infection immunity which reprofile the old drug with a new indication.
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